To describe the mitral blood flow velocity distribution, we applied a freehand dynamic three-dimensional (3D) colour flow method using a moving sample surface that followed the mitral apparatus during diastole.
Introduction
Both Doppler colour flow and MRI studies have been conducted to illuminate the uncertainty regarding the blood flow velocity distribution in mitral flow. According to these studies, mitral blood flow does not pass through the mitral orifice with spatially homogenous velocities, i.e. the velocity profile is not flat [1] [2] [3] . The skew compromises the use of pulsed Doppler in measurements of volumetric flow. However, recordings from only one plane and a fixed sample level relative to the transducer limited the colour flow studies. Furthermore, only velocity profiles from the early mitral blood flow (E wave) were studied. Low temporal resolution, a fixed level of measurement and long acquisition time limited the MRI study.
A new freehand three-dimensional (3D) colour flow imaging method using digital raw ultrasound data acquired at high frame rates has recently been presented [4] [5] [6] [7] . The purpose of this study was to use a modification of this method to describe the velocity profile in the biphasic mitral blood flow. A spherical sampling surface that tracked the mitral valve throughout the diastole was applied in measurements of blood flow velocities. By using a single sample volume in Doppler measurements of the maximum velocity time integral (VTI), potential errors may be introduced in calculations of stroke volumes. We wanted to assess this potential error.
Methods

Subjects
All subjects gave informed consent to participate. The study was in accordance with the regional committee on human research and the Helsinki declaration. Twentyfour subjects were included in the study. Mean age was 27·8 (range 19-48) years. Five were exluded due to poor quality of 3D reconstruction or unstable electrocadiogram.
Equipment
The 3D-colour flow method has been described in detail elsewhere and has been applied to calculation of cardiac output in the aorta and mitral valve [4] [5] [6] . In this study, modifications were made to enable calculation of a variety of parameters used to describe the blood flow velocity distribution, such as the maximum velocity, the mean velocity, the visualization of these, and calculation of the maximum VTI and the mean VTI. A digital ultrasound scanner (System Five, GE Vingmed Ultrasound, Horten, Norway) with a 2·5 MHz phased array transducer and a magnetic locating device (Flock of Birds, Ascension Technology Corporation, Burlington, VT, U.S.A.) were used for data acquisition. Postprocessing of data was performed on an external standard PC with a prototype version of the EchoPAC-3D software (GE Vingmed Ultrasound, Horten, Norway) [7] and MATLAB (The MathWorks, Inc., U.S.A.).
Data Acquisition
The subjects were examined lying in the left lateral position. The recordings were made in passively held expiration. In an apical view, the transducer was tilted in a fanlike manner during 10-20 heartbeats to cover the entire mitral flow area.
Data Processing
In EchoPAC-3D, the start of the heart cycle was set to 300 ms after the R wave in the ECG in order to encompass the entire diastole. The temporal resolution of the 2D data defined as the inverse value of frame rate was preserved in the 3D dataset and ranged from 22 to 24 ms corresponding to a maximum temporal jitter of 11-12 ms between the scan planes in the 3D volumes. A spherical cross-sectional surface was positioned at the mid-level of the medial part of the mitral valve and tracked the mitral valve throughout diastole. The E wave and atrial blood flow (A wave) were treated separately. Blood flow measured by Doppler gave velocities relative to the ultrasonic probe. In order to get correct velocity values, representing the flow through the valve, the movement of the mitral valve should be taken into account. In MATLAB, the blood flow velocities were calculated relative to the moving spherical surface and true blood flow velocities through the mitral valve were obtained. The b-mode and colour Doppler signals were filtered separately, and aliased blood flow velocities baseline shifted according to Berg et al. [5] . In this way a distribution of the blood velocity component perpendicular to a spherical surface close to the mitral valve was obtained at any time instant through the cardiac cycle. By integrating this velocity distribution over the surface, instantaneous volume flow was obtained independent of the Doppler beam angle.
As a quantitative assessment of the velocity distribution, the ratio of the maximum velocity (max V) to the mean velocity (mean V) at peak flow described any possible skew. Further, the location of maximum velocity and mean velocities in each slice were visualized (Fig. 1) .
To assess the sensitivity of sample-volume position in PW-Doppler measurement, the VTI was calculated at each point of the spherical surface covering the mitral orifice. The time interval for integration could be manually adjusted by the operator to select diastolic E wave, A wave, or the whole cardiac cycle. Integration of VTI over the surface gives the total volume passing through the mitral valve during the integration time interval. The ratio of the maximum VTI to the mean VTI was compared and illustrates the potential error by measuring the maximum VTI with Doppler from a single sample volume in calculations of stroke volumes.
Results
The velocity profiles were variably skewed. The ratio of the maximum VTI to the mean VTI was mean 1·3 (range 1·1-1·6). By assuming that the mean VTI is the correct estimate in volumetric calculations using Doppler, the use of the maximum VTI would lead to errors ranging from 10 to 60%, with an average of 30%. At the time of peak flow the ratio of the maximum to the mean velocity was mean 1·5 (range 1·2 to 2·6). The data are presented in Table 1 .
The location of the mean velocity and maximum velocity was followed throughout diastole, as illustrated in Figure 1 . Most often the maximum velocities at peak flow were located anteriorly (Fig. 2) .
Discussion
In this study, the mitral blood flow velocity profile in humans has been described using a new 3D colour flow method with a moving sampling surface that tracked the mitral flow channel throughout the diastole. The 3D data were captured in a fast and easy manner by using a freehand magnetic locating device. Raw digital data were acquired at high frame rates that improved temporal resolution. The velocity profiles yielded a variably skew with the highest velocities located anteriorly. Measurements of the maximum VTI would overestimate calculations of stroke volumes as described in previous studies.
Velocity Profiles in Mitral Blood Flow 253
The first study that described the mitral velocity profile was conducted invasively in dogs, using the Pitot principle [8] . At the level of the mitral annulus the profile was flat, i.e. plug flow. At the valve outlet, a skew was described in mid and late diastole.
The initial studies regarding the skew in the mitral velocity profile in humans were based on ultrasound colour flow imaging from only one plane [1, 2] . Samstad et al. [2] found that the maximum VTI in the E wave overestimated the mean VTI by 45% and a wide interindividual variability (20-120%) in normal subjects. Thus, the assumption that mitral blood flow is plug flow was no longer valid. However, the A wave was not included in this study and a fixed level of measurement was used as opposed to our 3D method. The highest velocities were located anteriorly, as confirmed by our findings. The skew at peak flow, described as maximum velocity/mean velocity at peak flow, was similar in both studies, 1·6 (range 1·4-2·2) vs. 1·5 (range 1·2-2·6). The maximum VTI/mean VTI was less in our study, 1·3 (range 1·1-1·6). The reason for this difference may be due to several factors, such as differences in the study population, recordings from only one plane in the conducted 2D study, and errors due to transducer movement and fixed sample volumes.
A pulsed wave Doppler technique has been applied in studies of mitral velocity profiles in pigs [9] . A skewed profile at the level of the annulus and leaflet tips was described and the importance of these findings in calculations of cardiac output was illuminated. However, the method was hampered by several factors. It was invasive, as the probe was placed onto the epicard and the acquisition time was long, 30-40 min vs. approx. 20 s in our study. Finally, when using this rotational method it is vital to maintain a stable position during recording to avoid reconstruction artifacts. Preliminary results from 2D colour flow imaging using frame rates of 80-90 frames/s have been presented. Biphasic flow was studied and the findings were similar to ours, but were limited by recordings from only one plane [10] . Real-time 3D imaging is a promising tool for acquisition of ultrasound data. Although the acquisition time is short, the technique which is based on 2D phased array matrix is still hampered by limited spatial and temporal resolution [11] . Another technique, based on fast rotating phased array probe for real-time 3D acquisition, has recently been described by Djoa et al. [12] . High frame rate combined with fast rotation of the probe resulted in 16 3D tissue volumes/s. To our knowledge, the methods have not yet been applied to quantitative analysis of flow.
Detailed complete cross-sectional velocity profiles have been described by MRI. Kupari et al. [3] found marked spatial inhomogeneity in normal humans that confirmed the results from the ultrasound studies. The maximum velocity was in the anterior annulus in the E wave shifting posteromedially in late diastole. However, the temporal resolution was limited, 30-40 ms as opposed to 22-24 ms in our 3D dataset. Furthermore, the sample volumes were fixed. Finally, the acquisition time was long, up to 256 heart cycles vs. 10-20 in our study. Fujimoto et al. [13] described a skew with the highest velocities located to the septal side. They concluded that this skew was of minor importance. However, the temporal resolution was low, up to 50 ms, and they may have missed the peak values in the E wave. Others have described the mitral velocity profile using MRI with improved temporal resolution (28 4 ms (SD)) [14, 15] . However, only velocities across one diameter were studied. Houlind et al. [13] confirmed the variable skew in the E wave that would compromise calculations of flow from single point velocity measurements. Kim et al. [14] described the profile as flat in the mitral orifice and slightly skewed at the level of the mitral valve tips, with the maximum velocities located posteriorly.
Study Limitations
Five subjects were excluded due to unstable ECG or poor 3D reconstruction. This was discovered during post-processing of the data, which was conducted after all data from all subjects were acquired. Thus, by evaluating the 3D reconstruction immediately after the recording, a new recording can be acquired to replace the corrupted one.
The described method is not suitable in for subjects with irregular heart rhythm or those unable to hold their breath for a short period of time. Limitations in detection and accuracy of the blood flow estimate due to jitter artefact and aliasing are discussed elsewhere [4] . 
Conclusion
In summary, we have described the velocity profile in human mitral blood flow by using a new freehand 3D-colour flow imaging method. Blood flow velocity vectors were measured through a moving sample surface that followed the mitral apparatus throughout the diastole. Raw ultrasound data were obtained at high frame rate and analysed, which yielded a better temporal resolution.
A non-uniform blood flow velocity profile was found. By using a single sample volume in Doppler measurements of the maximum VTI, errors ranging from 10 to 60% may be introduced in calculations of stroke volumes.
